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A well-known property of aromatic molecules is their highly anisotropic response to the presence of an
external magnetic field: the component of their magnetic susceptibility parallel to the field is generally much
larger than the remaining in-plane components. This intriguing phenomenon is rationalized as a consequence
of the delocalization of the itinerant electrons that populate the aromatic ring. In this work, we revisit the
magnetism of aromatic molecules and propose an extended Hubbard model for the electrons in the aromatic
ring that takes into account the interaction between them and the bonding electrons. We show that the bonding
electrons play an important and overlooked role: they mediate an effective, attractive momentum-momentum
interaction between the itinerant electrons, which promotes a strong enhancement in the magnetic response
of the aromatic ring. For the particular case of benzene, we show that the experimentally observed magnetic
anisotropy is recovered with realistic values of the coupling constants.
An important property of aromatic molecules is the large
anisotropy in their magnetic response. As observed for the
first time in the 1930s [1–3], when an aromatic molecule is
subjected to an external magnetic field perpendicular to its
plane, the component of the induced magnetic moment par-
allel to the field was found to be much larger than the perpen-
dicular ones. Such anisotropy is reflected in the molecule’s
magnetic susceptibility tensor, which describes a prolate el-
lipsoid, with the long axes (χ‖) coinciding with the direction
of the field. The imbalance between the in-plane and out-of-
plane components of the magnetic susceptibility defines the
molecular magnetic anisotropy, ∆χ = χ‖ − χ¯⊥, where χ¯⊥
denotes the average in-plane components [4].
In the early 1930s, a phenomenological model - today
known as ring current model (RCM) [5] - was developed by
L. Pauling [3], F. London [6] and K. Londsdale [7] to explain
this curious phenomena. In a nutshell, the RCM model at-
tributes the origin of the large molecular magnetic anisotropy
to the itinerant electrons in the aromatic ring: these nearly
free electrons move under the influence of the periodic poten-
tial generated by the atomic core and bonding electrons. In the
presence of an external magnetic field, each of them acquires
a momentum component tangential to the ring, resulting in a
current loop along the aromatic ring. While the spin degree
of freedom and the bonding electrons contributes equally to
χ‖ and χ⊥, the current loop only contributes to χ‖, originat-
ing the anisotropy ∆χ. In other words, the RCM model states
that the magnetic anisotropy of the aromatic molecules is a
consequence of the orbital degrees of freedom of the itinerant
electron along the aromatic ring, and the larger is the size of
the aromatic ring, the more pronounced is the phenomenon
[3]. For benzene, the most celebrated example of aromatic
molecule, χ‖ ≈ 2.5χ¯⊥ [1], leading to a magnetic anisotropy
of ∆χ = −5.48× 10−5cm3/mol [3, 8].
The simple semi-empirical interpretation of the magnetic
properties of the aromatic molecules granted the RCM model
with great success. While the search for a precise definition
of aromaticity is an ongoing challenge in modern chemistry,
several criteria were developed to determine whether a given
molecule can be considered aromatic [9]. Among these crite-
ria, the most used until today is the magnetic criteria, which
considers the development of electric currents along a cyclic
conjugated atomic structure as a strong evidence of aromatic-
ity [10]. Along the years, the original RCM model has been
refined by several authors [5] to incorporate quantum effects.
Curiously, in these refinements, the bonding electrons have al-
ways played a less important role: they only contribute to gen-
erating the periodic potential, often considered static, to which
the itinerant electrons are subjected. As a consequence, the
effective models available to describe the aromatic molecules
take into account only the degrees of freedom of the itinerant
electrons in the aromatic ring [11–15].
In contrast, in this work, we show that the itinerant
electrons alone cannot adequately describe the magnetic
anisotropy of the aromatic molecules. The bonding electrons
play an important, and often overlooked role; although they
are localized at the strong electron-pair bonds that keep adja-
cent atoms together, they undergo virtual excitations triggered
by the itinerant electrons themselves. As a result, the effec-
tive periodic potential felt by the itinerant electrons changes
dynamically, generating a feedback effect in their dynam-
ics. Formally, in a previous work [16] we treated this effect
through a perturbative correction to the Bohr-Oppenheimer
approximation as applied to the interaction between the itin-
erant and the bonding electrons. This gives rise to an effective
attractive momentum-momentum interaction between the itin-
erant electrons. Here, we investigate the consequences of such
a momentum-momentum interaction to the magnetic proper-
ties of aromatic molecules.
We propose a minimal microscopic model for the aro-
matic molecules consisting of an extended Hubbard model for
the itinerant electrons, where the aforementioned momentum-
momentum interaction is considered in addition to the stan-
dard nearest-neighbor hopping and on-site repulsion. Al-
though our model applies to aromatic molecules in general, in
this manuscript we focus on the specific case of benzene. We
find that the main consequence of the effective momentum-
momentum interaction is a strong amplification of the diamag-
netic response of benzene. In particular, we recover its exper-
imentally measured magnetic anisotropy for realistic values
of the model parameters, which cannot be achieved with the
standard Hubbard model alone. This is the central result of
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Benzene is a planar stable molecule with six carbon atoms
arranged in a loop; the aromatic ring. In this configuration, the
outermost 2s, 2px, and 2py carbon orbitals hybridize form-
ing the strong σ-bonds in the plane of the molecule, which
keep the neighbor carbon atoms together, and also bind each
of them with a hydrogen atom. The 2pz orbitals, on the other
hand, which are perpendicular to the aromatic ring, remain
unchanged, and the overlap between neighboring pz orbitals
form weaker pi-bonds. In total, 24 electrons occupy the σ-
bonds, and 6 electrons occupy the pz orbitals. Hereafter they
are denominated σ-electrons and pi-electrons, respectively.
The pi-electrons are delocalized and referred to as itinerant
electrons. The σ-electrons, on the other hand, are localized
in the σ-bonds and are also called bonding electrons. We will
shortly see that the separation of the energy scales associated
with these two types of electrons has important implications
for the magnetic properties of the aromatic ring.
Our microscopic model for benzene consists of an extended
Hubbard model Hˆ = Hˆ0+Hˆpp, whose terms we analyze next.
The first contribution,
Hˆ0 = −t
N∑
j=1
∑
σ
(
c†jσcj+1σ + h.c.
)
+ U
N∑
j=1
∑
σ,σ′
nˆj↑nˆj↓,
(1)
is the standard Hubbard Hamiltonian for the six pi-electrons,
where the operator c†jσ (cjσ) creates (annihilates) an electron
with spin σ at the pz orbital of the site j. The parameters t
and U denote nearest-neighbor hopping and the on-site repul-
sion, respectively. Nonlocal Coulomb interactions, such as the
nearest-neighbor repulsion, are strong in aromatic molecules
and, in principle, should be included in Eq.(1). However,
it has been shown that the nearest-neighbor repulsion sup-
presses U , and an effective single-band Hubbard model of the
form of Eq.(1) still holds for the itinerant electrons, as long
as U is consistently renormalized [12]. In particular, for ben-
zene it was estimated in Ref. [12] a ratio U/t = 1.2, with
t = 2.54 eV. We adopt these parameter values throughout
this manuscript.
Figure 1. Two types of two-body processes that appear in Eq.(2). (a)
The first term of (2) is a bubble-like process that favors the localiza-
tion of the electrons at the sp2 bonds of the molecule. (b) The second
term of (2) favors the formation of a loop current along the ring. The
Hermitian conjugate of these processes are not represented, as they
are trivially obtained by reversing the direction of the arrows.
The second contribution,
Hˆpp = −λ
(
U
t
)2 N∑
j=1
∑
σσ′
[(
c†jσc
†
j+1σ′cjσ′cj+1σ + h.c.
)
+
(
c†jσc
†
j−1σ′cj−2σ′cj−1σ + h.c.
)]
(2)
accounts for the dynamical changes in the periodic potential
felt by the pi-electrons due to the interaction between them and
the σ-electrons. As shown in Ref.[16], the virtual transition of
the σ-electrons mediate an effective interaction between the
pi-electrons which, in first quantization, has the form of an at-
tractive momentum-momentum interaction. Note that Eq.(2)
is similar to the effective inter-electronic interaction mediated
by plasmons in an electron-gas derived in the seminal works
of Bohm and Pines [17–19]. In their case, such effective inter-
action was negligible due to screening effects. Here, in con-
trast, the screening effects are not strong enough to suppress
Hˆpp, since we are dealing with a few body-system. In this
work, we focus on the half-filling regime (N = Ne = 6)
and keep the ionic cores always static, as our goal is to focus
solely on the electronic orbital degrees of freedom. Moreover,
since only extremely high temperatures are comparable to the
present molecular energy scales, thermal effects play no sig-
nificant role in the phenomena we address in this manuscript.
As a consequence, we consider hereafter the ground state of
Hˆ .
In second quantization, the effective momentum-
momentum interaction takes the form shown in Eq.(2).
As illustrated in Fig. 1, it involves two distinct many-body
processes: the first term on the right-hand side of Eq.(2) is a
bubble-like term responsible for the creation and subsequent
annihilation of electrons between first-neighbor sites, favor-
ing, therefore, the localization of the pi-electrons around those
sites. The second term, on the other hand, plays the leading
role in the enhancement of the molecule’s diamagnetism,
since it favors an ordered motion of the itinerant electrons
along the ring.
The coupling constant λ in Eq.(2) is given by λ = t4/Λ3,
where Λ denotes the gap of the σ-electrons to their first ex-
cited state [16]. Since the σ-electrons are localized in the
bonds, it is more costly to promote them to an excited state
than to move the delocalized pi-electrons along the aromatic
ring. This is reflected in the relation between Λ and t, where
we have Λ > t or, equivalently, λ/t < 1. It is important to
note that if Λ  t, the σ-electrons can be considered frozen
in their ground state, since no virtual excitation will be trig-
gered by the itinerant electrons. The regime we explore here,
instead is Λ >∼ t.
For benzene, we estimate Λ by the gap between the highest-
energy bonding σ molecular orbital (MO) and the lowest-
energy anti-bonding σ-MO. Ionization spectrum measure-
ments [20, 21] reveal that the highest-energy bonding σ-
MO, denoted by σ(e2g) is in between the two bonding pi-
MOs, which are called pi(e1g) and pi(a2u). A simple tight-
biding calculation gives energies −2t, −t (doubly degener-
3Figure 2. (a) Ground state energy of the minimal model for benzene
defined in Eqs.(1) and (2) as a function of the on-site repulsion for
several values of the ratio λ/t. (b) Persistent current in the aromatic
ring when a uniform magnetic field is applied perpendicularly to the
plane of the molecule. The current is shown as a function of the
magnetic flux that pierces the aromatic ring. The ground state energy,
persistent current, and the on-site repulsion are normalized by the
hopping amplitude t.
ate), t (doubly degenerate) and 2t for the bonding pi(e1g) and
the pi(a2u), and corresponding anti-bonding pi∗(e1g) and the
pi∗(a2u) pi-MOs, respectively. Note that the energy levels of
the anti-bonding pi-MOs are the opposite of the correspond-
ing bonding MOs. The same is true for the σ-MOs. As a
result, the order of magnitude of Λ is between 2t and 4t, and,
therefore, the effects of the coupling between the bonding and
itinerant electrons are not negligible.
A closer look at Eqs.(1) and (2) reveals an interplay be-
tween the on-site repulsion and the momentum-momentum
interaction. While the on-site repulsion depends linearly on
U/t, the magnitude of the momentum-momentum interac-
tion grows with (U/t)2 and its effects dominates over the on-
site repulsion as U increases. Such interplay becomes evi-
dent in the non-monotonic behavior of the ground state en-
ergy E0 as a function of the on-site repulsion, which is ob-
tained through the exact diagonalization of Hˆ . As shown in
Fig.2(a), E0 initially increases with U , since the on-site re-
pulsion tends to localize the electrons at the ring’s sites. How-
ever, the momentum-momentum interaction becomes more at-
tractive and, for large enough U , leads to a downturn in the
ground state energy. Consistently, the larger is λ/t, the sooner
(smaller values of U/t) this downturn takes place. We empha-
size that the trend of E0 as a function of U results from an
energy competition between the different terms of the Hamil-
tonian instead of a competition between qualitatively different
ground states.
Our goal is to study the consequences of the effective
momentum-momentum interaction (2) to the magnetic prop-
erties of benzene. For this purposes, we apply a uniform mag-
netic field oriented perpendicularly to the molecular plane. In
the presence of this field, Eqs.(1) and (2) needs to the slightly
modified, as the creation and annihilation operators acquire a
complex phase proportional to the magnetic flux φ enclosed
by the aromatic ring. Accordingly, for the hopping term
c†jσcj+1σ → ei2pif/Nc†jσcj+1σ , while the on-site repulsion re-
mains unchanged. Moreover, the momentum-momentum in-
teraction becomes
Hˆ(mag)pp = −λ
(
U
t
)2 N∑
j=1
∑
σσ′
[(
c†jσc
†
j+1σ′cjσ′cj+1σ + h.c.
)
+
(
e−i4pif/Nc†jσc
†
j−1σ′cj−2σ′cj−1σ + h.c.
)]
. (3)
Here, f = φ/φ0 denotes the dimensionless magnetic flux,
where φ0 = h/e is flux quanta. The Zeeman splitting was
not included above because we focus solely on the magnetic
properties of benzene due to the orbital degrees of freedom
of its pi-electrons. The spin degrees of freedom generate an
isotropic magnetic response and, therefore, do not contribute
to the molecule’s magnetic anisotropy.
The magnetic field induces an angular momentum compo-
nent to each of the pi-electrons, and an electric current flows
around the ring. It is given by
I(f) = − 1
φ0
∂E0(f)
∂f
, (4)
.
Here,E0(f) is the ground state energy, an oscillatory function
of the magnetic flux f , given the complex phases acquired by
the Hamiltonian [see Eq.(3)]. Consistently, with the down-
turn of E0, the momentum-momentum interaction promotes
an enhancement of the ground-state current, as evidenced in
Fig. 2(b). Importantly, Eq.(4) corresponds to a persistent cur-
rent, since it does not suffer effects of dissipation. However,
it should not be confused with a supercurrent that develops in
a superconductor loop since their nature are completely dif-
ferent. While the supercurrent is a result of the condensation
of a macroscopic number of Cooper pairs, here the absence
of dissipation is a consequence of quantum coherence of the
pi−electrons moving along the ring, and it vanishes as soon
as the magnetic field is turned off [22, 23]. In other words,
Eq.(4) is a normal state persistent current.
We saw that a uniform magnetic field, when applied perpen-
dicularly to the molecular plane, generates a non-dissipative
4Figure 3. (a) Magnetic anisotropy normalized by the hopping ampli-
tude as a function of the on-site repulsion for several values of the ra-
tio λ/t. Note that λ = 0 corresponds to the standard Hubbard model
[Eq.(1)]. (b) (Solid blue line) Magnetic anisotropy as a function of
λ/t with t = 2.54 eV and U/t = 1.2. The dashed red line shows the
experimental magnetic anisotropy for benzene [8] normalized by t.
(c) Different contributions for the magnetic anisotropy. As in panel
(a), the dashed blue curve shows the magnetic anisotropy due to the
standard Hubbard model alone, while the solid green curve shows the
total anisotropy for λ/t = 0.1. The solid purple (red) curve singles
out the contribution of the bubble (delocalized) term in Eq.(2) to the
magnetic anisotropy.
current loop along the ring. Such a loop gives rise to a mag-
netic moment which, by symmetry, is parallel to the exter-
nal field. As a consequence, the magnetic response of the
pi-electrons is purely parallel to the field, and the magnetic
susceptibility obtained through the derivative of Eq.(4) with
respect to f ,
∆χ = −NA(Na)
4µ0
16pi2φ20
∂2E0(f)
∂f2
∣∣∣∣
f=0
. (5)
give us the magnetic anisotropy of the ring. Here N = 6 is
the total number of sites of the aromatic ring, a is the lattice
spacing (a = 1.4 A˚ for benzene), and µ0 is the vacuum per-
meability. Besides, NA is the Avogadro number, so Eq.(5)
expresses the molar magnetic susceptibility.
Setting λ = 0, Eq.(5) gives the magnetic anisotropy of ben-
zene due to the pi-electrons alone, since in this case the σ-
electrons are frozen in the bonds and the low-energy physics
of the molecule is described by the standard Hubbard model
[Eq.(1)]. The dashed blue curve in Fig. 3(a) shows such re-
sponse. Note that ∆χ is suppressed by the on-site repulsion
because the larger U is the stronger is the tendency of local-
ization of the pi-electrons, until no current flows along the ring
and ∆χ→ 0. Recall that for benzene [12] U/t = 1.2 eV and
t = 2.54 eV. For these values of the parameters, Eq.(5) gives
∆χ = −3.78 · 10−5 cm3/mol, roughly 3/5 of the experimen-
tal value −5.48 · 10−5 cm3/mol. Not even at U = 0 the mag-
netic anisotropy obtained with the standard Hubbard model
matches the experimentally observed value, and it would be
necessary a hopping parameter roughly twice as big to recover
the experimental result.
The scenario significantly changes once we introduce the
momentum-momentum interaction, which strongly enhances
∆χ in comparison with the standard Hubbard model alone.
Such an effect could have been anticipated from Fig. 2(b), as
the momentum-momentum interaction not only increases the
magnitude of the persistent current but also makes it steeper
at low fields. Indeed, the solid lines in Fig.3(a) shows that
the magnetic response becomes more diamagnetic as U in-
creases when λ 6= 0. The larger λ is, the stronger is the en-
hancement of the diamagnetic response of the aromatic ring,
as shown in Fig.3(b). In particular, using the values of U and t
for benzene [12], the susceptibility calculated through Eq.(5)
coincides with the experimental value for λ/t ≈ 0.11, which
corresponds to Λ/t ≈ 2.1. This result is in agreement with
our earlier assumption that t and Λ were of the same order.
From the two terms in the momentum-momentum inter-
action [Eq.(2)], it is the one involving the consecutive hop-
ping between two next-neighbor sites [see Fig.1(b)] that con-
tributes for the enhancement of the magnetic anisotropy of
benzene, since it favors the delocalization of the pi-electrons.
This result is highlighted in Fig.3(c), where we show, sepa-
rately, the contributions of the standard Hubbard Hamiltonian
[Eq.(1)], the bubble term of Eq.(2), and the delocalized term
of Eq.(2) to the magnetic anisotropy. While the bubble term
gives an almost vanishing contribution for ∆χ over the entire
range of U , the delocalized term gives a strong diamagnetic
response and dominates the behavior of the susceptibility as
U increases.
5Conclusions- We highlight the importance, often over-
looked, of the interaction between the bonding and the
itinerant electrons to the magnetic properties of aromatic
molecules. In contrast to the majority of lattice models for
aromatic molecules, we relaxed the often adopted constraint
that the bonding electrons are frozen in the chemical bonds. In
this case, virtual excitations of the bonding electrons, which
are triggered by their interaction with the itinerant electrons,
mediates an attractive momentum-momentum interaction be-
tween the mobile pi-electrons. Here, we show that such an
interaction competes with the Hubbard on-site repulsion and
favors the electronic delocalization, leading, in the presence of
a uniform magnetic field, not only to the development of more
intense persistent currents in the system’s ground state but,
more importantly, to a strong amplification of the molecule’s
magnetic response in the same direction of the applied field.
For the specific case of benzene, we observed a strong en-
hancement of the diamagnetic susceptibility, recovering the
experimental value for λ/t ≈ 0.11. Notice that if a much
larger value of this coupling constant were necessary to re-
cover the experimental anisotropy, it would imply that Λ t
and the inclusion of the momentum-momentum interaction in
the effective Hamiltonian of the pi-electrons would not be jus-
tifiable in the first place. In this case, one could argue that the
magnetic anisotropy of benzene would not be affected by the
interaction between the σ- and pi-electrons. Here, however,
we obtain Λ/t ≈ 2.1, which is not so far from an estimate
of the σ-electrons gap obtained through benzene ionization
spectra.
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